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ABSTRACT  Magnetic  sphere  viscoelastometry,  video  microscopy,  and  the  Kamiya  double 
chamber method (Kamiya,  N., 1940, Science [Wash. DC], 92:462-463.) have been combined 
in an optical and theological  investigation of the living endoplasm of Physarum polycephalum. 
The rheological  properties examined were yield stress, viscosity  (as a function  of shear), and 
elasticity. These parameters were evaluated in directions perpendicular; (X) and parallel  (Y) to 
the plasmodial vein.  Known magnetic forces were used for measurements in the X direction, 
while the falling  ball  technique  was used  in the  Y direction  (Cygan,  D.  A.,  and  B.  Caswell, 
1971, Trans. Soc. Rheol. 15:663-683; MacLean-Fletcher, S. D., and T. D. Pollard,  1980, J. Cell 
Biol., 85:414-428). 
Approximate yield stresses were calculated  in the X and Y directions of 0.58 and  1.05 dyn/ 
cm 2, respectively. Apparent viscosities  measured in the two directions (r/x and r/v) were found 
to  fluctuate  with  time.  The  fluctuations  in  r/×  and  r/v  were  shown,  statistically,  to  occur 
independently of each other. Frequency correlation with dynamoplasmograms indicated that 
these fluctuations  probably occur independently of the streaming cycle. Viscosity was found 
to be a complex function  of shear,  indicating that the endoplasm is non-Newtonian.  Plots of 
shear  stress vs.  rate  of  shear  both  parallel  and  perpendicular  to  the  vein,  showed  that 
endoplasm  is not a shear thinning material. 
These  experiments  have  shown that living endoplasm of Physarum is an anisotropic visco- 
elastic  fluid  with a yield  stress. The endoplasm  appears not to be a homogeneous  material, 
but to be composed of heterogeneous domains. 
Previous investigations of living cytoplasm in its many states 
have been crude at best. Micromanipulation (9) and various 
centrifuge experiments (2, 8,  16,  19) have been informative, 
but disruptive to cell structure. One promising approach is 
the magnetic particle method (53). The pioneering attempts 
of Heilbronn (18) and Seifriz (50), along with the efforts of 
Crick and Hughes (10),  Yagi  (56), and Hiramoto (20) have 
been  instrumental  in  the  development of this  technique. 
Although largely qualitative, these experiments have indicated 
that  the  cytoplasm  of various  systems  is  non-Newtonian. 
Therefore, cytoplasm can  not  be characterized by a  single 
rheological parameter such as viscosity.  Hiramoto's applica- 
tion (20) of the magnetic particle method in sea urchin eggs 
and Hwang's experiments (23) in mucus further established 
the possibility of calibrating the method. 
We have developed a calibrated magnetic particle technique 
to analyze nondisruptively, yield stress,  apparent viscosity, 
and elasticity, in living cytoplasm. It is designed to be applied 
to large syncytial systems, cell extracts, and fluid volumes of 
10 pl or less. The technique has been successfully applied to 
the endoplasm of the large acellular slime mold, Physarum 
polycephalum. An abundance of biochemical, ultrastructural, 
and biophysical information is available on Physarum (see 
reviews:  15, 27, 28, 31, 35, 41).  In addition, this material is 
easily cultured and manipulated. Physarum exhibits an im- 
portant example of nonmuscular motility, shuttle streaming, 
which can be modulated with the double chamber method 
(26). The magnetic particle technique has been improved (see 
APPENDIX) and combined with video enhanced microscopy 
and the double chamber method. This combination makes 
possible  the quantitative characterization of the rheological 
properties of living Physarum endoplasm.  Portions of this 
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MATERIALS  AND  METHODS 
Culture and Double  Chamber Techniques:  An Albino strain 
of Physarum polycephalum, CH 975/943,  was the generous gift of the late C. 
E.  Holt,  Massachusetts Institute  of Technology.  Axenic cultures were main- 
rained by the method of Daniel  and Baldwin (12) on peptone  yeast extract 
culture media (7). Macroplasmodia were grown on dialysis membrane ( 12-14k 
cutoff, Spectrum Medical Industries, Inc., Los Angeles, CA) on peptone yeast 
extract agar dishes to facilitate handling of plasmodial veins. 
Physarum macroplasmodia  will phagocytize magnetic particles (see Appen- 
dix), but greater yield can be achieved in less time by pushing particles in with 
a  glass needle.  Plasmodial  veins were sealed in  2%  Low Gel  Temperature 
Agarose (Sigma Chemical  Co.,  St.  Louis, MO) in the  area  occupied  by the 
stopper in Fig. I. This allowed the modulation  of the pressure gradient across 
the two regions of the double chamber. The procedure for sample preparation 
has been described previously (49). 
Cytoplasmic  streaming  of the endoplasm  in the  mounted specimen  was 
observed through the microscope. When a suitable particle came into view, the 
streaming endoplasm was stopped by applying balance pressure. A manometer 
connected  to one side of the  double  chamber monitored  this  pressure. The 
endoplasm was held motionless for ~ 30 s before measurements were taken, to 
minimize effects from possible shock resulting from the initial application  of 
balance pressure. 
Video  Microscopy:  A  Zeiss  WL  microscope  with  sample  holder 
serving as the mechanical stage was tilted 90* with an aluminum brace. Long 
working distance  matched  objectives (Zeiss UD 40/0.65,  6.9  mm WD)  for 
either brightfield or polarized light microscopy were used with  12 W tungsten 
or HBO 100 W mercury vapor illumination  (Fig. 2). The illuminating intensity 
was modulated  with  a  second  polarizer  mounted above  the field stop, and 
preceded by a  546-nm  narrow band interference  filter and an H20 infrared 
filter. 
In brightfield observations, a MK II 65 video camera with Newvicon tube 
(Dage-MTl,  Inc., Michigan City, IN) with auto/manual black, auto-gamma, 
and external  sync. drive capabilities (24) was used. A second camera (model 
SC-15A, Sylvania Electric Products,  Inc., Bedford, MA) was focused on the 
illuminated  manometer.  The MK II 65 camera  was externally driven by the 
SC- 15A camera through a video screen splitter/inserter  (model V270SP, Vicon 
Industries,  Inc., Plainview, NY). This enabled the video monitor to display 
simultaneously, balance pressure, magnetic current,  microscopic field (l l0 ~m 
wide), and time (Panasonic  model WJ-810, H. B. Educational  Systems, Inc., 
New Haven, CT), see Fig. 2. 
For video-enhanced  microscopy in polarized light, the C-1000-01 camera 
(Chalnicon tube, Hamamatsu Systems, Inc., Waltham, MA) with variable gain 
and  offset was  used  to  generate  the  video  signal. This  signal was  further 
processed by the Frame Memory Image Analysis polyprocessor (model C 1440- 
01, Hamamatsu Systems, Inc.) (4). De SGnarmont compensation  (6) was used. 
As the specimen could not be rotated from its 0* orientation, the polarizer and 
h/4 plate were set at -45*. 
Viscometry In Vivo:  The coordinate  system (X,  Y,  Z) adopted  for 
this presentation  is detailed in Fig. 3. Magnetic spheres were manipulated  in 
the  Y direction by adjusting the chamber pressure, and maneuvered  in the X 
direction by the electromagnets. 
For a discussion of the theoretical  basis of both falling ball and magnetic 
sphere  viscometry  used  in  the  determination  of yield stress and  apparent 
viscosity, see Appendix. 
RESULTS 
Phagocytized Magnetic Particles 
Magnetic particles in the endoplasm were enclosed in vac- 
uoles.  In clear specimens, the difference in refractive index 
between  the  vacuole  interior  and  the  endoplasm  allowed 
visualization of the vacuolar membrane shear surface. Only 
tight fitting vacuolated spheres were used in the generation of 
rheological data. 
Video Polarized Light Microscopy 
Prepared specimens in experimental conditions were stable 
under illumination for several hours. Opposite de SGnarmont 
compensated  images  were  subtracted  by  the  polyprocessor 
(Hamamatsu Systems, Inc.) (4)  in an effort to enhance the 
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FIGURE  1  Modified Kamiya double chamber. The chambers were 
made from an acrylic block into which two 5/16" holes were drilled 
out. The middle area between the holes has been drilled out and 
fitted with a stopper. The bottom was fitted with a no. 2 coverslip, 
Vent holes,  1/16" have been drilled into the ends to which  brass 
tubing has been attached. The stopper is removed during specimen 
preparation and the resulting vacant  area filled with 2% agarose 
(Sigma Chemical Co.) (see text). This design of the chamber allows 
for  polarized light examination of the endoplasm during experi- 
mentation. 
visualization of the faint negative birefringence (BR) 1 of the 
endoplasm (43). Nevertheless, most of the contrast visible was 
not attributable to BR. In agreement with the observations of 
Nakajima and Allen (43), the negative BR of the endoplasm 
was found to be independent of the direction or velocity of 
shuttle streaming. 
Large particles (15-36 um) were pulled magnetically in the 
X direction at various forces. Regardless of force, there were 
no observable contrast changes to suggest strain or flow BR 
around the particle (33).  Neither was a birefringent tail ob- 
served trailing the particle, as would be expected if the vacuole 
had long filaments associated with it. At this level of investi- 
gation, the membrane of the vacuole appears to be a good 
approximation for the shear surface of the particle. 
Yield Stress and Elasticity 
The plasmodial vein was mounted with the long axis ori- 
ented vertically, so that both falling ball (Y direction) (l 1, 38) 
and magnetic pull  (X direction) experiments were possible. 
The first parameter investigated was yield stress.  Spheres less 
than ~3.7 um in diameter did not displace with respect to a 
reference endoplasmic granule. Video records of this obser- 
vation have been obtained in the neighborhood of l0 min. 
From this observation, a measure of the yield stress in the Y 
direction,  r.y,  was  calculated  to  be  ~  1.05  dyn/cm  2  (see 
APPENDIX). 
' Abbreviations used in this paper:  BR, birefringence. I MICROSCOPE ~] 
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FIGURE  2  General layout of video components. Video components were assembled in a manner that allowed the simultaneous 
imaging of the manometer, ammeter, time, and microscopic field (110 #m wide) on the monitor screen.  Note the positioning of 
the double chamber and the tubing attached to one side from the manometer. 
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Coordinates. The origin (X =  Y = Z = 0) is located as the 
specimen point as defined by the microscope. The horizontal axis 
defines the X axis and coincides with the central axis of the magnetic 
pole  pieces.  X increases  toward the  left calibrated magnet. The 
vertical axis (direction of gravity) defines the Y axis. This direction 
is parallel to the long axis of the specimen. The Z axis is defined by 
the optic axis of the microscope (see text). 
Yield stress in the X  direction,  T.x, was determined with 
the use of the magnet. By using the manometer, the endo- 
plasm was kept as motionless as possible and a  nonfalling 
magnetic sphere centered  in  the  microscope field.  In each 
experiment,  the  current  to  the  left  magnet  was  slowly in- 
creased until the sphere was perceived to permanently displace 
relative to a  reference endoplasmic granule.  This magnetic 
yield force was maintained for a time, and the trajectory of 
the particle was recorded on video tape. 
Fig. 4 shows the trajectories of an initially stationary 2.9- 
#m diameter sphere magnetically pulled through successive 
regions of the endoplasm at consecutive times. In each case, 
the particle was pulled magnetically at the corresponding yield 
stress (r.x) for a time and then released. A is the trajectory of 
the sphere pulled with a magnetic force (Fro) of 6.57  x  10  -8 
dyn from 29.58 rain to 30.03 min after the preparation had 
been mounted onto the microscope. ¢r is the trajectory with 
Fm= 6.21  x  10  -8 dyn at 1.37 min after the last data point of 
A. [] is the trajectory with Fm= 6.18 x  10  -8 dyn at 7.37 min 
after A. The magnetic sphere was not pulled back to the point 
of origin in each successive experiment; and so,  new endo- 
plasm was sampled each time. 
The marked variability and complex nature of these trajec- 
tories suggest  that the endoplasm is not homogeneous. The 
endoplasm  did  reproducibly  show the  existence of a  yield 
stress and a variable amount of  elastic recoil upon termination 
of magnetic force. The values of the calculated yield stresses 
(r.x) are summarized in Table I (see  Appendix for calcula- 
tions).  A  mean  value  of r.x  =  0.58  +  0.1  dyn/cm  2 was 
calculated. 
Table I also lists  the Fm used to permanently displace a 
stationary particle in the X direction. Fy lists the force in the 
Y direction already acting on the sphere as a consequence of 
Fg-Fb (see Appendix). In every case but one, Fy >  Fro; yet the 
particle was stationary in the  Y direction with  respect to a 
reference granule before application of the smaller Fro. This 
is evidence for structural anisotropy. 
Apparent Viscosity 
In the following experiments, magnetic spheres 4-16 #m in 
diameter were used in endoplasmic regions of 70-110 +  um 
in  diameter.  Trajectories  of these  larger  spheres  were  less 
complicated and generally linear with time. Apparent viscos- 
ity of the endoplasm could be measured alternately in two 
directions, X  and  Y, with the same magnetic sphere in the 
same  region  of the  specimen.  The  sphere was  first  pulled 
across the vein with a known Fro. The resulting velocity (ux) 
was used to obtain  the uncorrected viscosity value.  Laden- 
burg's end correction (36) was applied to generate the appar- 
ent viscosity value ,x (see  Appendix).  The sphere was then 
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FIGURE  4  Comparative trajectories.  Three  sequential trajectories 
of an initially stationary 2.9-#m sphere in successive regions of the 
endoplasm. A  was pulled with  Fm= 6.57 x  10  -8 dyn from 29.58 
min  to  30.03  rain  after  the  preparation  was  mounted  onto  the 
microscope. ¢r was pulled with a Fm= 6.21  x  10  -8 dyn at 1.37 min 
after A. [] was pulled with Fm= 6.18 ×  10  -8 dyn at 7.37 min after 
A. 
TABLE  I 
Yield Stress Determination in the X Direction 
Diameter  r.x  Fm  Fy 
#m  dynlcm 2  dyn  dyn 
2.0  0.56  3.06 x  10  -8  3.13 X  10  -8 
2.0  0.53  2.93 ×  10  -8  3.13 x  10  -8 
2.5  0.78  6.70 X  10  -8  6.11  X  10  -8 
2.5  0.65  5.62 X  10  -8  6.11  x  10  -8 
2.7  0.39  3.95 x  10  -8  7.70 x  10  -8 
2.8  0.52  5.56 x  10  -8  8.58 x  10  -8 
2.8  0.64  6.89 x  10  -8  8.58 x  10  -8 
2.9  0.57  6.57 x  10  -8  9.54 x  10  -8 
2.9  0.54  6.21  x  10  -8  9.54 x  10  -8 
2.9  0.54  6.18 x  10  -8  9.54 x  10  -8 
3.3  0.73  1.09 x  10  -8  1.41  x  10  -8 
3.3  0.68  1.01  x  10  -8  1.41  x  10  -8 
3.3  0.61  9.15 x  10  -8  1.41  x  10  -8 
3.3  0.61  9.08 x  10  -8  1.41  x  10  -8 
3.9  0.44  9.24 x  10  -8  2.32 x  10  -r 
Mean: 0.58 4- 0.13 
Initially stationary  magnetic  spheres  were  displaced  in  the  X direction  by 
slowly increasing  I to the left magnet. Fm lists the magnetic force necessary 
for this perceived  permanent displacement,  r.x lists the corresponding cal- 
culated yield stress in the X direction. Fy lists the force already on the sphere 
in the Y direction, as a result  of Fg -  Fb before application of Fro. 
roughly centered with respect to the vein and allowed to fall 
(falling ball viscometry [11, 38]). The resulting velocity (uy) 
was used to generate the Faxen corrected (14) apparent vis- 
cosity (ny) (see Appendix). A dynamoplasmogram was gener- 
ated for  10 min after the last viscosity measurement.  All of 
the viscosity vs. time points and dynamoplasmograms (Fig. 
5,  A  and  B)  were  fitted  to  a  curve  using  a  cubic  spline 
algorithm (21). The actual data points are denoted as x. 
Fig. 5 A is a plot of nx (solid line) and ny (dashed line) with 
respect to time (44.85-948.9  s).  The nx and  ny values were 
observed to fluctuate but were not regular enough to warrant 
the  calculation  of a  period.  The  dynamoplasmogram (Fig. 
5B) was started 3.3 s after the last data point of the ny plot 
and  exhibits  a  period  of 90  s  as  calculated  for six  cycles. 
Attempts were made to correlate the frequency of the dyna- 
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moplasmogram (Fig. 5 B) with that of the fluctuating viscosity 
plots (Fig.  5A); no correlations could be deduced,  although 
such possibilities seemed appealing over short time intervals. 
The  interdependence  between  nx  and  ny  was  tested  by 
calculating the linear correlation coefficient (r~y) between these 
two plots. To examine the possibility of a phase relationship 
between the nx and ~y curves, coefficients were calculated for 
the nx curve shifted from 50 s behind to 50 s ahead of the ny 
plot.  The  resulting  plot  of correlation  coefficient  vs.  shift 
revealed a curve that fluctuated about zero. This asserts that 
nx  and  ny were  independent  of each  other over the  tested 
interval. 
5hear Stress  vs.  Rate of Shear 
The shear over the surface of a sphere traveling through a 
medium is not homogeneous (54), precluding direct calcula- 
tion  of shear  stress  and  rate  of shear.  For this  reason,  the 
parameters F/d  2 and u/d were employed instead. Shear stress 
is defined as force per unit area; therefore,  F/d  2 should be 
proportional by a geometrical correction factor. Rate of shear 
is  defined  as  the  change  in  velocity of flow with  distance 
perpendicular to the direction of flow. In the case of a sphere, 
diameter was the only depth measure available; and so, u/d 
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FIGURE  5  Apparent viscosity of the endoplasm. (A) The solid line 
refers to the  change in  apparent viscosity with time across the 
specimen (r/x)  as measured  with the magnetic viscoelastometer (see 
text). The dashed line refers to the apparent viscosity parallel to the 
specimen long axis (~y) as measured with the falling bail technique. 
The two sets of data were generated alternately over the same  time 
period with the same magnetic sphere in the same organism. (B) A 
dynamoplasmogram  was generated for 904.05 s, 3.3 s after the last 
data point of the ~Ty plot. A period of 90 s was calculated for six 
shuttle streaming cycles. In  both figures, the real data points are 
represented by x. All plots were fitted to a cubic spline algorithm. E 
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FIGURE  6  Shear stress (F/d 2) vs,  rate of shear (u/d) plot derived in 
the Y direction with the falling ball technique (see text). The symbols 
refer to the various specimens used. Each  point refers to a mean 
calculated  from  several  measurements.  Different  shear  stresses 
were applied by using different sized spheres in the same sample. 
The Y intercept (A) was calculated from the yield stress (ry =  1.05 
dyn/cm2).  A  Newtonian fluid  would  exhibit linear behavior from 
the origin in this plot. 
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FIGURE  7  Shear stress (F/d 2) vs.  rate of shear (u/d)  plot derived in 
the X direction with the  magnetic viscoelastometer. Each symbol 
corresponds to a specific sphere pulled across the endoplasm at 
varying Fm (see text). Each point refers to a mean calculated from 
several measurements. Spheres ¢r, I% and ~  were also measured 
in the same organism. 
was used for rate of shear, again subject to geometrical cor- 
rection. 
Plots  of F/d  2 vs.  u/d were generated by the  falling ball 
method (Y direction) and magnetic particle method (,I"  direc- 
tion).  In the falling ball method, shear stress was varied by 
changing  the  diameter of the  sphere.  Measurements  were 
taken in the same specimen with successive spheres having 
different diameters (Fig.  6).  In the X  direction,  shear stress 
was varied in the same specimen with the same sphere by 
changing the Fm on the sphere (Fig. 7). An attempt was made 
to derive a complete range of data for each specimen. 
In Fig. 6, each symbol refers to the same specimen in which 
several different sized spheres were used. Each point refers to 
a mean calculated for several measurements obtained with a 
sphere. The Yintercept (A) was calculated from the estimated 
yield stress (r.y =  1.05 dyn/cm2). In Fig. 7, each symbol refers 
to a  specific sphere pulled in the X direction at various Fro. 
Spheres ~-, rq, and O  were also used successively in the same 
specimen. Each point corresponds to a  mean calculated for 
several measurements performed with  a  specific sphere  at 
each Fro. The smudge of data points in the lower left of Fig. 
7 refers to experiments performed at and just above the yield 
stress (r.x) for that specimen. The raw data for Figs. 6 and 7 
are available in Sato (48). 
Figs. 6 and 7 show that a simple relationship between shear 
stress (r) and rate of shear ('D does not exist for the endoplasm. 
These experiments were characterized by a remarkable vari- 
ability in the measured data (48).  What is clear, however, is 
that the endoplasm is non-Newtonian and not a shear thin- 
ning material (30).  The form of the curves (Figs.  6  and 7) 
beyond the Yintercept may actually suggest a shear thickening 
behavior of the endoplasm (19, 46). 
DISCUSSION 
Magnetic Rheometry 
Our  magnetic particle technique  represents an  improve- 
ment over past efforts for several reasons. First, the relatively 
large distance between the pole piece and specimen results in 
a constant magnetic force across the entire microscope field, 
a condition not established in previous efforts. This has been 
confirmed with gaussmeter measurements. Second, the coils 
are cooled with refrigerated water to optimize their current 
carrying capability. When combined with the large pole piece 
to specimen distance, the cooling ensures minimal heating of 
the  specimen  by the  magnet.  Third,  the  power  supply  is 
current-regulated,  eliminating  variations  in  magnetic  force 
due to changes in coil resistance. Fourth, centration through 
the microscope permits precise pole piece to specimen align- 
ment  to  within  +5  #m.  Fifth,  the  microscopic probe size 
produces a minute shear stress,  resulting in minimal disrup- 
tion of endoplasmic structure. The size also allows the detec- 
tion of  regional heterogeneities. Finally, the two magnets allow 
the  experimenter to  maneuver the  sphere  away  from  the 
ectoplasm. This area is filled  with plasmalemmal invagina- 
tions (1,  13, 47,  55) and is therefore prone to artifact. Mea- 
surements were taken in the mid 80% region of  the endoplasm 
as observed in streaming veins before experimentation. 
Rheological State of Endoplasm 
Kamiya (26)  has presented evidence that the endoplasmic 
streaming is the passive result of a local difference in internal 
pressure generated  by contraction  of the  ectoplasmic wall. 
Kamiya and Kuroda (29)  represented the velocity profile of 
the endoplasm as a truncated parabola. This implies that the 
inner core ofendoplasm flows as an unsheared, homogeneous 
plug at low to moderate streaming rates. In other words, the 
general endoplasmic rheology is a function of flow. We pre- 
sent evidence that the situation is much more complex and 
that  a  truncated  paraboloid  velocity profile does  not  ade- 
quately describe the rheology of the endoplasm. 
Measurements of yield stress,  apparent viscosity, and elas- 
ticity were not very reproducible with time (Figs. 4-7). These 
fluctuations have been shown to occur in the same vein with 
the  same  sphere,  force,  and  temperature.  In  all  cases,  the 
endoplasm was held as motionless as possible with balance 
pressure.  In  Fig.  5A  and B,  the  frequency content  of the 
dynamoplasmogram was compared with that of the n~ and ny 
plots. These viscosity fluctuations appear to occur independ- 
ently of the shuttle streaming cycle, and therefore seem to be 
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between the nx and T/y plots showed that they also fluctuate 
independently of each other. 
The rationale for the treatment of the apparent viscosity 
data  depicted  in  Fig.  5A  was  to test the  notion  that  the 
endoplasm may be responding to changes in concentration of 
factors, such as calcium and ATP, which have been shown to 
affect the polymerization of cytoskeletal proteins (52).  Cal- 
cium, ATP, membrane potential, birefringent filaments, heat 
production, and contractile activity have all been shown to 
oscillate  in relation to the shuttle streaming cycle (5, 22, 27, 
28,  31,  43,  51,  57,  58).  A  calcium-sensitive actin polymer 
fragmenting protein, fragmin, has recently been isolated from 
plasmodium  (17).  A  36-kdalton actin-binding protein that 
aggregated  microfilaments has also been identified in Physa- 
rum  (44).  The  interaction  between  these  proteins  and/or 
factors with actin may be involved in the regulation of the 
theological properties of the endoplasm. 
The above notion implies that the endoplasm is a  fairly 
homogeneous material, but this is probably not the case. The 
minimum acceptable translation of a sphere at  1 s after the 
application of current (I) was  10 #m. Spheres traversing long 
distances, 40 #m and more, were occasionally seen to exhibit 
velocity changes.  Originally, these data were assumed to be 
spurious. However, these velocity changes were occasionally 
observed to occur over the mid portion of  the vein. On change 
of focus,  the  endoplasm  appeared  homogeneous with  no 
obstructions visible. The velocities recorded gave no support 
for the existence of a gradient of properties either parallel or 
perpendicular to the vein (3). Therefore, an alternative inter- 
pretation of Figs. 4-7 is that the endoplasm is composed of 
heterogeneous domains that  were randomly sampled.  The 
observed velocity shifts suggest that this latter interpretation 
is more likely. This would explain the variability of the data 
and its indifference to the motility cycle. 
However, the  reproducible existence of yield stress  and 
elastic  recoil in  the  endoplasm  is  highly suggestive  of the 
existence of structure or structures. The force relationship in 
Table I indicates a  structural anisotropy to the endoplasm. 
Both of these points and the existence of a negative BR in the 
endoplasm  (43)  support  the  notion  of organization,  i.e.  a 
cytoskeleton. Little information is available at present, how- 
ever, as to its form or character in vivo. 
Kasai et al.  (32)  and  Maruyama et al.  (39) showed that 
actin polymer solutions exhibit shear thinning behavior. This 
is interesting because as much as 20% of the total protein 
content of Physarum can be actin, depending on the stage 
(34, 41).  However, F/d  2 (stress) vs. u/d (rate of shear) plots 
(Figs. 6 and 7) in Physarum show that the endoplasm is not 
a shear thinning material in the Xand Ydirections as expected 
(30), but may be shear thickening, instead. If actin molecular 
interactions are the basis  of the endoplasmic rheology, the 
modulation of this structural protein in vivo appears to be far 
more complex than has been successfully modeled to date in 
vitro. 
The behavior of the endoplasm at higher shear stresses has 
yet to be characterized. The data presented here are charac- 
teristic of the whole endoplasm, i.e.,  macrorheological (45). 
No information is available on the contribution to the mea- 
surements by the membranes, granules, soluble macromole- 
cules, or polymerized elements (if any, see references 25, 42). 
Measurements of particle displacement in these creep ex- 
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periments have been taken with respect to the smallest dis- 
cernible granules in the endoplasm, on the assumption that 
granules do not move with respect to the ground substance of 
endoplasm. There is some evidence  to the contrary; Mustacich 
and Ware (40) have evidence for submicroscopic materials in 
Physarum that exhibit behavior significantly different from 
that of endoplasmic granules.  Also,  lateral drift between a 
reference granule and another granule in stilled  endoplasm 
could approach 0.2 ~m/s.  Our measurements usually took 
8 s; clearly, however, there is room for improvement. 
Corrections 
The adequacy of the  various corrections (C  [38],  Faxen 
[14], Ladenburg [36]) used in the derivation of  the rheological 
values (apparent viscosity, yield stress, rate of shear) has not 
been substantiated when applied to non-Newtonian viscoelas- 
tic fluids.  The values of the  parameters presented may be 
subject to additional correction. Therefore, greater emphasis 
has been placed on the behavior of these parameters as a 
function of time, region, and shear stress than on the numer- 
ical values themselves. 
CONCLUSION 
A promising technique for the in vivo characterization of  cells 
has  been  presented.  In  these  experiments,  the  maximum 
temporal resolution was ~30 s. The organism has been shown 
to be capable of significantly changing its rheological proper- 
ties  within  this  time  period  (see  also  reference 49)  or  is 
composed of heterogeneous domains. The endoplasm of Phy- 
sarum polycephalum has  been  shown  to  be  a  structurally 
anisotropic,  non-Newtonian, viscoelastic  fluid with  a  yield 
stress. 
APPENDIX 
This appendix describes in  detail the  instrumentation and 
calculations involved in the derivation of apparent viscosity 
and  yield stress.  The section  includes  a  discussion  of the 
magnetic rheometer calibration and the choice of magnetic 
particles. A preliminary error analysis of the technique is also 
described. 
Magnetic Rheometer 
Annealed Hy Mu 80052 particles were used in this inves- 
tigation (Carpenter Technology, Reading, PA). These particles 
are spheroidal in shape, possess high magnetic permeability, 
and are not harmful to the organism (48, 49). 
The Hy Mu 800 spheres were pulled by magnets located 
on  either side  of the  specimen  (Fig.  3).  Each  of the  two 
magnets consists of two coils (~900 turns of 19 AWG wire) 
wound onto a single water-cooled aluminum spool, and wired 
in parallel (50). The pole pieces were machined from 1.27-cm 
diameter moly permalloy 80 rod (Carpenter Technology), and 
annealed (Allegheny Ludlum Steel Corp., Brackenridge, PA) 
after fabricating the tips (Fig. 3). The pole piece tips (4 mm 
diameter) are 1.2 cm from the specimen point. Both magnets 
are  mounted  on  an  optical  bench  for  precise  alignment 
through the microscope. The magnets are driven by a 6274B 
regulated  DC  power  supply (Hewlett Packard,  Lexington, 
MA) in the current regulated mode. This supply can provide 
up to 60 V at 15 A. Magnetic Force Determination 
The force (Fro) on a magnetic sphere of volume V, subjected 
to a magnetic field (B) is: 
dB 
Fm = K'VB-~,  (1) 
where K' is a constant (see below). 
The magnetic rheometer was calibrated in two steps. First, 
the magnetic field parameters (B, -dLB) were determined as a 
function of magnetic current, L Second, Fm was measured on 
sample spheres in  an oil viscosity standard  (380. lcP,  25"C, 
Cannon Instrument Co., State College, PA) to determine K'. 
The magnetic field was measured directly using a Bell 640 
gaussmeter (Bell Inc., Columbus, OH). These measurements 
confirmed that the magnetic flux density (B) and its gradient 
(-~) are linear functions of/at the specimen point. Further 
dB 
measurements demonstrated  that  B  and  -~  did  not  vary 
appreciably even 2  mm off axis.  Therefore, Fm is constant 
dB 
across the microscope field. Since B and -~ are each linearly 
dB 
related to I, the product B ~  can be described by a quadratic 
equation of the form: 
-~ = a2I  2 + aJ + no,  (2) 
where a2, a,, and ao are constants characteristic of the electro- 
A  d/~ 
magnet at a fixed point in space. B ~  is the predicted value 
dB 
of B ~.  Note  that  ao  may  be  non-zero  due  to  residual 
magnetism in the pole piece. 
product B ~  was calculated as a function of/, and a  The 
least-squares quadratic fit was used to determine the coeffi- 
cients a2, at, and ao. For the left magnet used in all of our 
measurements, we found a2 =  2.2045  x  102, a,  =  2.3490  x 
10 3,  and ao =  2.4541  x  10 3.  These constants, when used in 
equation (2) with I in amperes, yield/~ ~  in gauss2/cm. 
K'  is  a  constant  which  is governed by the  physical and 
magnetic properties of the magnetic panicles. Fm was deter- 
mined by allowing a panicle to fall in the viscosity standard 
(Cannon Instrument Co.) and measuring the deflection angle 
0 (Fig. 8). From Fig. 8, Eq. 3 can be derived: 
Fm =  (F, -  Fb)cot 0,  (3) 
where Fg -  Fb =  (oh -- pm)gV. 
Here,  V is  the  panicle  volume,  Pb  is  the  density  of the 
particle  (8.74g/cm3),  pm  is  the  density  of the  surrounding 
fluid, and g is the gravitational acceleration (980 cm/s2). 
Equating (3) and (1),  the following expression for K' can 
be derived: 
K' =  (Oh -  pm)g COt 0 
dx 
FT  "  X~. 
F  b 
 Fry 
7 
Fr •  x 
F  m 
y 
F  g 
FIGURE  8  Force  balance  on  a  sphere.  Fg(gravitational  force)  = 
47rr3pbg.  Fb(bouyant  force)  47rtepmg'. F,(resultant  drag force)  =  6 
3  3 
7rr~u.  Fro(magnetic  force)  =  1.185  x  102(2.204512  +  23.4901  + 
24.541)r  ~.  F,x.y(yield  force)  =  r x.yTrr2C. The  variables  are:  r(cm)  = 
radius of the  sphere,  Pb =  density of the  sphere  (8.74  g/cm3),  g  = 
acceleration  due  to  gravity  (980  cm/s2),  pm(g/cm  3)  =  density  of 
medium,  r x,v(dyn/cm  2) =  yield  stress  in  X or  Y direction,  and  C  = 
geometrical  correction  for shear around  a sphere (1.75  [38]).  Yield 
forces exist only in the organism. 
(pb -  Pm)g COt 0 
=  (azI 2  +  all +  no)" 
cot 0 
For simplicity, let K =  (a2F  + a,I + no)" 
Then:  K' = K(pb -  Pm)g 
The constant K  was evaluated by measuring 0 at various 
magnet currents, L The temperature of the sample was main- 
tained at 25.0 __. 0. I*C by a temperature-controlled circulating 
water bath (model K2,  Messgerate-Werk Lauda,  Brinkman 
Instruments, Westbury, NY). Experiments were recorded on 
video for subsequent analysis. The slope K was calculated for 
dB 
each of five particles by a linear regression of cot O to B ~. 
For the Hy Mu 800 panicles, we found K =  (3.67  ___ 0.35) x 
10  -5 cm/gauss  2. These panicles have a density of 8.74 g/cm  3, 
and  the  viscosity standard  has a  density  of 0.8739  g/cm  3. 
Therefore: 
g'  =  g(pb -- pm)g =  0.2829 g/cm s  2 gauss  2. 
The magnetic force (dynes) on a given sphere of radius (r) 
in cm is: 
Fm=K'vBd--~=(O.2829)(3~r 3) (a2F+aJ+ao), 
where I is the input current in amperes. 
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From Fig. 8, the force balance on a falling ball in a New- 
tonian fluid of infinite extent becomes Stokes' Law: 
Ff= F~- F. 
2r2g(pb  -  Pro) 
or:  n -  9u 
In the organism with a sphere falling parallel to the long axis 
of the vein: 
2r2g(pb  -  Pm)  7.FC 
thus:  n =  9u  6u  " 
The density of the endoplasm has been estimated to be 1.12 
g/cm 3 (Belcher, unpublished observations, and reference 37). 
Spheres having diameters of 3.7 um or less were observed not 
to fall in the Y direction with respect to endoplasmic granules. 
A  measure of the  yield stress, r.y, was calculated  by letting 
Ff =  0 because of zero flow: 
F~ =  F., + Fb 
4rg(pb  --  Pro) 
z.y  =  3C 
r.y  =  1.05  dyn/cm 2 
Faxen's correction was used to account for ectoplasmic wall 
effects in the organism ( 14): 
r 
1-2,108~+2.09  ~  -0.95 
ny is defined as the Faxen-corrected apparent viscosity in the 
Y direction,  where r and Re are the radii of the sphere and 
vein, respectively. 
In in vivo magnetic experiments,  the following force rela- 
tionship occurs on a sphere being pulled across the vein (Fig. 
8): 
Fr=Fm  -F~.~ 
With Ff =  0, the endoplasm was found to have a yield stress 
in the X  direction (r.x) of 0.58 4- 0.1  dyn/cm 2 (see Results). 
With flow (Ff ~  0): 
6.2898(2.204512  +  23.4901 +  24.541)r  2 -  0.1692r 
7/= 
Ladenburg's correction was used to account for ectoplasmic 
end effects (36): 
7/ 
't/x  ~-- 
r  1 +3.3~ 
nx is defined  as Ladenburg's  corrected apparent  viscosity in 
the X  direction with radius (r) in cm and length of the tube 
(h) in cm. 
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Variability of Magnetic Rheometry 
dB 
A cot0 vs. B  ~  plot was generated for five spherical particles 
in viscosity standard (Cannon Instrument Co.). The average 
slope was 3.666 x  10  -5 gauss2/cm. The standard deviation of 
the slope was 0.35 x  l0 -~ gaussE/cm which corresponds to a 
__10%  error  between  particles  in  a  Newtonian  fluid.  This 
probably reflects the heterogeneities in composition between 
particles, which become important in determining  magnetic 
properties at this scale. 
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